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© Speaker driving device. 



© A speaker driving device applies a constant ing circuit (4) with a simplified structure is used. 

voltage of a constant voltage source (3) a pair of 

voice coils (5) alternatively by switching the direction 

of applying the constant voltage based on a binary 

PDM signal. A AZ modulator (2) produces the binary 

PDM signal by AE - modulating a digital audio signal 

from a digital low -pass filter (1). The constant volt- 
£j| age is applied to a first voice coil in one direction 
" and is applied to a second voice coil in the reverse 
^ direction by switching (4) the direction of applying 
CM the constant voltage. The first and second voice 
^ coils forms the pair of voice coils. This arrangement 
CO causes a current to flow through the first and second 

voice coils in opposite directions and a diaphragm of 

a speaker to be driven in two directions opposite to 
O each other. As a result, the speaker is driven more 
^ efficiently. Moreover, since the switching of the di - 
LU rection of applying the constant voltage is performed 

by changing the connections between the constant 

voltage source and the pair of voice coils, a switch - 
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FIELD OF THE INVENTION 



stopped, or the flowing direction of the driving 
current is switched. 

The frequency that a binary signal has a value 
0 or 1 varies depending on the amplitude of an 
original audio signal. This feature is discussed in 
detail below with reference to Fig. 10. 

a) When the level of the original audio signal 
exceeds zero, the binary signal tends to have a 
value 1. 

b) When the level of the original audio signal is 
zero, the binary signal has a value 0 at the same 
frequency as it has a value 1 . 

c) When the level of the original audio signal is 
below zero, the binary signal tends to have a 
value 0. 

When reproducing an analog audio signal 
whose signal level exceeds zero and falls below 
zero, if the speaker driving device is arranged to 
stop the flow of a driving current when the binary 
signal is 0 and to start flow of the driving current 
when the binary signal is 1, only a driving force 
which can drive the speaker in one direction is 
generated, resulting in poor driving efficiency. To 
overcome such a drawback, the speaker must be 
driven in directions corresponding to the positive 
and negative levels of the original analog audio 
signal by causing a driving current to have a bias. 

In the meantime, the speaker driving device 
which drives a speaker by switching the flowing 
direction of a driving current is capable of driving 
the speaker in a plurality of directions. However, to 
start the flow of a driving current to a conventional 
voice coil by switching its flowing direction, a 



complicated switching circuit is required. 

Moreover, in a system where a power for 
driving a speaker is produced based on a one -bit 
digital audio signal, when a voltage to be applied to 
the voice coil fluctuates and includes noise com - 
ponents, the fluctuation and noise components di - 
rectly affects the speaker driving force. This may 
cause distortion and noise in the reproduced 
sound- 
Besides, with the speaker driving device which 
stops or starts the flow of a driving current ac- 
cording to a binary signal, when the level of the 
original analog signal is 0, the possibility that the 
driving current flows to a speaker is about 50 % 
due to the feature of the binary signal as stated in 
b), resulting in poor power efficiency. 

Similarly, the speaker driving device which 
drives a speaker by switching the flowing direction 
of a driving current has the following problems due 
to the feature of a binary signal. For example, if the 
driving current is arranged to flow in a specific 
direction when the binary signal has a value 1 and 
to flow in the opposite direction when the binary 
signal has a value 0, the driving current always 
flows in the two directions to the speaker when the 
level of the original analog signal is 0. This ar- 
rangement significantly lowers the power efficiency. 

SUMMARY OF THE INVENTION 

30 

The present invention is directed to a speaker 
driving device for driving a speaker according to a 
one -bit digital audio signal and the objectives 
thereof are as follows. 

35 Namely, an objective of the present invention is 

to provide a speaker driving device which has a 
simplified structure but drives a speaker efficiently. 
Another objective is to provide a speaker driving 
device which prevents fluctuation in a voltage ap - 

40 plied to a voice coil from causing distortion and 
noise in the reproduction of sound. Still another 
objective of the present invention is to provide a 
power efficient speaker driving device. 

To achieve the objective, a speaker driving 

45 device of the present invention includes: a pair of 
voice coils which are wound around the driving 
section of a speaker such that a bi-directional 
driving force is generated at the. driving section 
when a current flows through in two opposite di - 

so rections; a constant - voltage source for generating 
a constant voltage; AL modulating means for pro - 
ducing a one -bit binary digital audio signal by 
high-speed sampling A £- modulating; and first 
switching means for applying the constant voltage 

55 to one of the voice coils so as to cause the current 
to flow through the voice coils in the opposite 
directions by switching the direction of the constant 
voltage based on the one - bit digital audio signal. 



The present invention relates to a speaker 
driving device which drives a speaker by control - 
ling a constant voltage according to a digital audio 5 
signal, 

BACKGROUND OF THE INVENTION 

In a conventional reproduction system, when w 
reproducing a digital audio signal, the digital audio 
signal is converted into an analog audio signal, 
amplified to a variable output level, and is then 
transmitted to the speaker. However, with the dis - 
semination of digital audio technology, in recent 75 
years, techniques for driving a speaker without 
converting a digital audio signal into an analog 
signal are developed. 

For example, one of the techniques uses a 
so-called pulse -density modulated one -bit bi - 20 
nary digital signal which is produced by a high- 
speed sampling technique such as the A£ modu- 
lation. In this technique, according to a binary 
number (1 or 0) of the one -bit digital signal, the 
flow of a driving current to a speaker is started or 25 
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The AE modulating means is a AE modulator 
for AE - modulating a PCM digital audio signal or a 
one -bit A/D converter for converting an analog 
audio signal into a digital audio signal by the AE - 
modulation method. 

In this speaker driving device, the AE modu- 
lating means converts a PCM digital audio signal or 
an analog audio signal into a one -bit binary digital 
audio signal, and then the first switching means 
operates based on the one -bit digital audio signal. 

For example, if the constant voltage is applied 
to one of the voice coils when the one -bit digital 
audio signal is 1, a driving current flows through 
the voice coil. On the other hand, if the constant 
voltage is applied to the other voice coil when the 
one - bit digital audio signal is 0, the driving current 
flows through the voice coil in the opposite direc - 
tion. 

As a result, the driving section of the speaker 
is driven in directions corresponding to the positive 
and negative levels of the original audio signal. 
This arrangement thus achieves improved driving 
efficiency in comparison with that of a speaker 
driving device which can drive its driving section 
only in one direction. Additionally, since the voice 
coils are fixed around the driving section of the 
speaker such that the driving current flows through 
each coil in the opposite direction, the first switch - 
ing means is formed by a plain switch capable of 
switching the connections between the constant - 
voltage source and the voice coils. 

To achieve another objective, a speaker driving 
device of the present invention includes: a pair of 
voice coils which are fixed around the driving sec - 
tion of a speaker such that a bi-directional driving 
force is generated at the driving section when a 
current flows in two opposite directions; a 
constant - voltage source for generating a constant 
voltage; direct current blocking means for blocking 
the direct current component of the constant volt- 
age; AE modulating means for producing a one- 
bit binary digital audio signal by high - speed 
sampling AE - modulation; and second switching 
means for selectively applying the constant voltage 
one of the voice coils and applying the output 
voltage of the direct current blocking means to the 
other voice coil based on the one - bit digital audio 
signal so as to cause the current to flow through 
the voice coils in the opposite directions. 

Similarly to the above-mentioned speaker 
driving device, in this speaker driving device, a 
one -bit binary digital audio signal is produced by 
the AE modulating means and the second switch- 
ing means operates based on the one -bit digital 
audio signal. 

Denoting the pair of voice coils as first and 
second voice coils, if the constant voltage is ap- 
plied to the first voice coil when the one -bit digital 



audio signal is, for example, 1, a driving current 
flows to the first voice coil. When a driving force 
produced by the driving current is applied to the 
driving section of the speaker, the speaker is 
5 driven. 

At this time, the direct current blocking means 
blocks the direct current component of the constant 
voltage while allowing the alternating current com - 
ponent which fluctuates and includes noise com - 

w ponents to pass. When the alternating current 
component is sent to the second voice coil, a 
current (hereinafter referred to as noise current) 
flows through the second voice coil. When a driv- 
ing force produced by the noise current is applied 

75 to the driving section of the speaker, the speaker is 
driven in a direction opposite to the direction in 
which the above-mentioned driving force drives 
the speaker. Consequently, the driving force gen - 
erated by the noise current is offset, preventing the 

20 fluctuation and noise components in the constant 
voltage from affecting the driving of the speaker. 

In contrast, if the constant voltage is applied to 
the second voice coil when the one -bit digital 
audio signat is 0, the driving current flows through 

25 the second voice coil. Then, a driving force pro- 
duced by the driving current is applied to the 
driving section of the speaker to drive the speaker. 
The direct current blocking means blocks the direct 
current component of the constant voltage while 

30 allowing the alternating current component to pass 
to the first voice coil in the manner as described 
above. As a result, the noise current flows through 
the first voice coil. A driving force generated by the 
noise current is applied to the driving section of the 

35 speaker. Thus, the driving force generated by the 
noise current is offset, preventing the fluctuation 
and noise components in the constant voltage from 
affecting the driving of the speaker. 

To achieve still another objective, a speaker 

40 driving device of the present invention includes: a 
constant -voltage source for generating a constant 
voltage to be applied to a voice coil in a speaker; 
AE modulating means for producing a one -bit 
binary digital audio signal by high-speed sam - 

45 pling AE -modulation; ternary signal generating 
means for converting the one -bit digital audio 
signal into a ternary signal; and third switching 
means for switching the polarity of the constant 
voltage depending on whether the ternary signal is 

so + 1 or - 1 and for controlling the application of the 
constant voltage to the voice coil by switching the 
constant - voltage source between ON and OFF 
according to an absolute value, 0 or 1, of the 
ternary signal. 

55 In this speaker driving device, the ternary sig - 

nal generating means converts the one -bit binary 
digital audio signal generated by the AE modulat - 
ing means into a ternary signal and the third 
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switching means operates according to the ternary 
signal. 

For . example, when the ternary signal has a 
value +1, a positive constant voltage is applied to 
the voice coil such that a driving current flows in 
the positive direction to the voice coil. On the other 
hand, when the ternary signal has a value -1, a 
negative constant voltage is applied to the voice 
coil such that the driving current flows in the neg- 
ative direction to the voice coil. In both cases, the 
absolute value of the ternary signal is 1 and the 
output of the constant- voltage source is turned 
ON. Meanwhile, when the ternary signal has a 
value 0, its absolute value is 0 and the output of 
the constant - voltage source is turned OFF. Con- 
sequently, the driving current does not flow through 
the voice coil. 

With this arrangement, the diaphragm of the 
speaker is driven in proportion to an analog audio 
signal. At this time, since the diaphragm functions 
as an acoustic low -pass filter, the speaker is 
driven according to the ternary signal. Additionally, 
this arrangement improves the power efficiency by 
stopping the flow of the driving current to the voice 
coil when the ternary signal has a value 0. Fur- 
thermore, since two directional driving force cor- 
responding to + 1 and - 1 of the ternary signal is 
generated, the speaker is driven more efficiently. 

For a fuller understanding of the nature and 
advantages of the invention, reference should be 
made to the ensuing detailed description taken in 
conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a block diagram schematically illus- 
trating the structure of a speaker driving device 
according to the first and second embodiments of 
the present invention. 

Fig. 2 is a circuit diagram illustrating the 
structure of a switching circuit and the connections 
between the switching circuit and the voice coil in 
the speaker driving device of the first embodiment 
of the present invention. 

Fig. 3 is a circuit diagram illustrating the 
structure of a switching circuit and the connections 
between the switching circuit and the voice coil in 
the speaker driving device of the second embodi - 
ment of the present invention. 

Fig. 4 is a front view illustrating how the voice 
coils in the speaker driving devices shown in Figs. 
2 and 3 are wound. 

Fig. 5 is a block diagram schematically illus- 
trating the structure of a speaker driving device 
according to the third embodiment of the present 
invention. 

Fig. 6 is a block diagram schematically illus- 
trating the structure of a speaker driving device 



according to the fourth embodiment of the present 
invention. 

Fig. 7 illustrates the waveforms of an original 
audio signal and a ternary PDM signal generated 
5 by the speaker driving devices shown in Figs. 5 
and 6. 

Fig. 8 is a circuit diagram illustrating the 
structure of the switching circuits in the speaker 
driving device shown in Figs. 5 and 6. 

10 Fig. 9 illustrates the waveforms of an original 

analog audio signal and the positive and negative 
rectified signals of the original audio signal to be 
converted into a binary signal by the speaker 
driving device shown in Fig. 6. 

15 Fig. 10 illustrates the waveforms of the original 

audio signal and a binary PDM signal. 

DESCRIPTION OF THE EMBODIMENTS 

20 The first embodiment of the present invention 

is described below with reference to Figs. 1, 2 and 
4. 

As illustrated in Fig. 1, a speaker driving device 
of this embodiment includes a digital low -pass 

25 filter (LPF) 1, a AE modulator 2, a constant voltage 
source 3, a switching circuit 4 and a voice coil 5. 

The digital low pass filter 1 is constituted by, 
for example, a high -order non- cyclic (FIR type) 
digital filer and executes over - sampling by at- 

30 tenuating components outside the pass band. 
Sample values are produced at a high frequency 
by over - sampling. 

The AE modulator 2 as AE modulating means 
produces a binary PDM (pulse density modulated) 

35 signal, i.e., a one -bit digital audio signal based on 
the sample values. The AE modulator 2 converts a 
16 -bit PCM (pulse code modulated) digital audio 
signal into a one -bit digital audio signal and 
compresses data. 

40 The switching circuit 4 as first switching means 

switches the direction of applying a constant volt- 
age output from the constant voltage source 3 
based on the binary PDM signal. By switching the 
direction of applying the constant voltage, the flow 

45 of a current through the voice coil 5 in a speaker 6 
is controlled and a diaphragm 7 in the speaker 6 is 
driven. In a practical circuit, the switching circuit 4 
is formed by a high - speed electronic switch using 
an FET (field effect transistor) and a thyristor. 

so As illustrated in Fig. 2, the voice coil 5 is 

formed by a pair of first and second voice coils 5a 
and 5b and placed so as to cross a direct current 
magnetic field generated by a magnetic circuit, not 
shown, in the speaker 6. The first and second voice 

55 coils 5a and 5b are fixed in parallel around a coil 
bobbin 8 in the speaker 6. Meanwhile, the switch- 
ing circuit 4 has a fixed terminal 4a and contacts 
4b and 4c. 
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The fixed terminal 4a is connected to the 
positive terminal of the constant voltage source 3. 
The contact 4b as the first contact is connected to 
the first end of the first voice coil 5a pulled from an 
edge of the coil bobbin 8 adjacent to the dia- 
phragm 7. The contact 4c as the second contact is 
connected to the second end of the second voice 
coil 5b pulled from the other edge of the coil 
bobbin 8 distant from the diagram 7. The second 
end of the first voice coil 5a located at the same 
side as the second end of the second voice coil 5b 
and the first end of the second voice coil 5b 
located at the same side as the first end of the first 
voice coil 5a are respectively connected to the 
negative terminal of the constant voltage source 3. 

The switching circuit 4 with such a configura - 
tion is capable of controlling the fixed terminal 4a 
to be connected to the contact 4a or the contact 4b 
according to a binary PDM signal. Namely, when 
the binary PDM signal is 1, the contact 4b is 
connected to the fixed terminal 4a. Meanwhile, 
when the binary PDM signal is 0, the contact 4c is 
connected to the fixed terminal 4a. 

With this arrangement, the digital audio signal 
is over -sampled by the digital low -pass filter 1 
and AE - modulated by the AL modulator 2 for 
noise -shaping. As a result, the PCM digital audio 
signal becomes a binary PDM signal whose pulse 
density corresponds to the amplitude of the original 
audio signal. 

When the binary PDM signal is 1, the contact 
4b is connected to the fixed terminal 4a in the 
switching circuit 4. Then, the constant voltage from 
the constant voltage source 3 is applied to the first 
voice coil 5a and therefore a current flows through 
the first voice coil 5a. Consequently, a driving force 
acting in one direction is generated according to 
Fleming's left-hand rule, and the coil bobbin 8 is 
driven by the driving force. 

When the binary PDM signal is 0, the contact 
4c is connected to the fixed terminal 4a in the 
switching circuit 4. Then, the constant voltage is 
applied to the second voice coil 5b and the current 
flows through the second voice coil 5b in a direc- 
tion opposite to the direction in which the current 
flows through the first voice coil 5a. As a result, a 
driving force acting in the reverse direction is 
generated, and the coil bobbin 8 is driven by the 
driving force. 

The speaker 6 is driven in proportion to the 
original audio signal since the diaphragm 7 func- 
tions as an acoustic low -pass filter. Thus, sound is 
reproduced by simply applying the constant volt- 
age to the voice coil 5a or 5b based on the binary 
PDM signal. 

As described above, the speaker driving device 
of this embodiment includes the pair of first and 
second voice coils 5a and 5b and drives the coil 



bobbin 8 in two directions opposite to each other 
by causing the driving current to flow in the op- 
posite directions in the voice coils 5a and 5b. This 
arrangement enables the speaker to generate a 

5 stronger driving force compared with a conven - 
tional speaker driving device which generates a 
driving force acting in only one direction according 
to a binary PDM signal. The speaker 6 is thus 
driven more efficiently. 

w Additionally, in this speaker, since the driving 

direction is switched by simply changing the di - 
rection of applying the constant voltage between 
the first voice coil 5a and the second voice coil 5b, 
it is possible to simplify the structure of the 

;s switching circuit 4. 

Furthermore: as illustrated in Fig. 4, in the 
speaker driving device, its driving system is con - 
stituted by simply winding in the same direction 
the first and second voice coils 5a and 5b around 

20 the boil bobbin 8, connecting the first end of the 
second voice coil 5b to the constant voltage source 
3 while pulling it toward the second end of the first 
voice coil 5a, and by connecting the second end of 
the second voice coil 5b to the switching circuit 4 

25 while pulling it toward the first end of the first voice 
coil 5a. Therefore, the manufacturing process are 
not caused to be complicated. Additionally, it is 
also possible to pull the ends of the first voice coil 
5a and connect them to the constant voltage 

30 source 3 and the switching circuit 4, respectively, 
in the manner described above. 

Next, the second embodiment of the present 
invention is discussed below with reference to Figs. 
1, 3 and 4. The members having the same func- 

35 tions as in the aforementioned embodiment will be 
designated with the same reference numerals and 
their description is omitted. 

As illustrated in Fig. 1, a speaker driving device 
of this embodiment includes a switching circuit 1 1 

40 instead of the switching circuit 4. 

The switching circuit 11 as second switching 
means is a double -pole double -throw switch as 
illustrated in Fig. 3 and is formed by a high - speed 
electronic switch like the switching circuit 4 of the 

45 above-mentioned embodiment. The switching 
circuit 11 includes contacts, 11a to 11c, fixed ter- 
minals 11d and He, and a capacitor 12. 

The contact 11a as a first contact and the 
contact 11c as a second contact are connected to 

50 the positive terminal of the constant voltage source 
3, and the contact 11b as a third contact is con- 
nected to the positive terminal thereof via the ca - 
pacitor 12 as direct current blocking means. The 
fixed terminal 1 1 d as a first fixed terminal is con- 

55 nected to the first end of the first voice coil 5a, 
while the fixed terminal 11e as a second fixed 
terminal is connected to the second end of the 
second voice coil 5b. The second end of the first 



5 



9 



EP 0 543 224 A2 



10 



voice coil 5a and the first end of the second voice 
coil 5b are respectively connected to the negative 
terminal of the constant voltage source 3. 

The switching circuit 1 1 with such a configu - 
ration switches the connections between the con - 
tacts, 11a to 11c, and the fixed terminals, 1 1 d and 
11e by the binary PDM signal. More specifically, 
when the binary PDM signal is 1, the contact 11a is 
connected to the fixed terminal 1 1d and the contact 
11b is connected to the fixed terminal 11e. Mean- 
while, when the binary PDM signal is 0, the contact 
11b is connected to the fixed terminal ltd and the 
contact 11c is connected to the fixed terminal 11e. 

With this configuration, when the binary PDM 
signal from the AE modulator 2 is 1, the constant 
voltage from the constant voltage source 3 is ap- 
plied to the first voice coil 5a and a current flows 
through the first voice coil 5a. On the other hand, 
when the binary PDM signal is 0, the constant 
voltage is applied to the second voice coil 5b and 
the current flows through the second voice coil 5b 
in a direction opposite the direction in which the 
current flows through the first voice coil 5a. 
Therefore, the coil bobbin 8 is driven in a direction 
corresponding to 1 or 0 of the binary PDM signal, 
and sound is reproduced. 

At this time, due to the effect of alternating 
current components such as noise components in 
the constant voltage from the constant voltage 
source 3, a noise current is superimposed on a 
current flowing through one of the first and second 
voice coils 5a and 5b when the constant voltage is 
being applied to the voice coil. Thus, the driving 
force for driving the coil bobbin 8 fluctuates due to 
the alternating components. However, by causing a 
current which offsets the fluctuation in the driving 
force to flow through the other voice coil 5a or 5b, 
it is possible to prevent the effect of the alternating 
current components. 

For example, when the binary PDM signal is 1 
and when the constant voltage is applied to the first 
voice coil 5a, alternating current components in- 
cluding noise components produced by removing 
direct current components from the constant volt- 
age in the capacitor 12 are applied to the second 
voice coil 5b. As a result, a noise current flows 
through the second voice coil 5b in a direction 
opposite to the direction in which the current flows 
through the first voice coil 5a, producing a driving 
force of a polarity opposite to the polarity of the 
main driving force generated by the first voice coil 
5a. 

On the other hand, when the binary PDM sig - 
nal is 0, the noise current flows through the first 
voice coil 5a, producing a driving force of a polarity 
opposite to the polarity of the main driving force 
generated by the second voice coil 5b. Con - 
sequently, the driving force generated by the al - 



ternating current components is removed from the 
main driving force and the coil bobbin 8 is thus 
driven by a driving force generated by the direct 
current components of the constant voltage. 
5 A described above, similarly to the first em - 

bodiment, in the speaker driving device of this 
embodiment, the coil bobbin 8 is driven in two 
opposite directions by causing the driving current 
to flow through the first and second voice coils 5a 

w and 5b in the opposite directions, improving the 
driving efficiency. 

Additionally, the first and second voice coils 5a 
and 5b are easily fixed around the coil bobbin 8 as 
illustrated in Fig. 4, preventing the manufacturing 

75 process to be complicated. 

Furthermore, in this speaker driving device, by 
causing the noise current to flow through one of the 
first and second voice coils 5a and 5b to which no 
constant voltage is applied, the effect of the noise 

20 components in the constant voltage upon the main 
driving force is eliminated. It is thus possible to 
prevent the noise components from causing noise 
and distortion in the reproduction of sound. 

With the speaker driving devices of the first 

25 and the second embodiments, the speaker 6 is 
driven by a driving force proportional to the con - 
stant voltage. Therefore, the volume of the repro - 
duced sound is adjusted by changing the value of 
the voltage of the constant voltage source 3. 

30 The following description discusses the third 

embodiment of the present invention with reference 
to Figs. 5, 7 and 8. 

As illustrated in Fig. 5, a speaker driving device 
of this embodiment incorporates an analog audio 

35 signal source 21, an A/D converter 22 (designated 
as A/D in the drawing), a digital low -pass filter 
(LPF) 23, a digital processing circuit 24, a digital 
low -pass filter (LPF) 25, a AE modulator 26, a 
ternary signal generator 27, a constant voltage 

40 source 28, and a switching circuit (SW) 29. 

The A/D converter 22 converts an analog audio 
signal transmitted from the analog audio source 21 
into a PCM digital audio signal by a 16 -bit quan- 
tization and at a 48 -kHz sampling frequency. In 

45 the digital processing circuit 24, the PCM digital 
audio signal sent from the A/D converter 22 via the 
digital low -pass filter 23 is processed by per- 
forming transmitting, memorizing and digital 
equalizing operations. 

so In order to move folded noise components to 

higher frequency ranges, the digital low -pass filter 
25 over -samples the PCM digital audio signal at a 
high sampling frequency. The AE modulator 26 as 
AE modulating means generates a binary PDM 

55 signal (a one -bit digital audio signal) based on 
sample values produced by over -sampling. 

The ternary signal generator 27 as ternary 
signal generating means generates a ternary ( + 1 , 
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0 or - 1) PDM signal (hereinafter referred to as just 
ternary signal) based on the binary PDM signal 
(hereinafter referred to as just binary signal) by 
calculating the following equation (1). 

D 3 (T) = D 2 (T-AT) + D 2 (T) - 1 (1) 

where D 2 (T) represents a binary signal at time T, 
D 3 (T) a ternary signal at time T, and AT is a 
sampling period in over - sampling. 

The following description discusses the gen - 
eration of ternary signal according to equation (1). 

When the signal level of the original audio 
signal is positive, two successive binary signals 
D 2 (T-AT) and D 2 (T) are 1 and 0, 0 and 1, or 1 
and 1 due to the above - mentioned feature of a 
binary signal (see Fig. 10), while D 3 (T) is 0 or +1 
according to equation (1). 

When the signal level of the original analog 
audio signal is 0, two successive binary signals are 

1 and 0, or 0 and 1, while D 3 (T) is 0 according to 
equation (1). 

In contrast, when the signal level of the original 
analog audio signal is negative, two successive 
binary signals are 1 and 0, 0 and 1, or 0 and 0, 
while D 3 (T) is 0 or - 1 according to equation (1). 

The ternary signal thus obtained qualitatively 
has the following characteristic (see Fig, 7). 

(1) In the case where the level of the original 
analog audio signal is positive, as the level 
becomes higher, the frequency that the ternary 
PDM signal becomes + 1 increases. 

(2) When the level of the original analog audio 
signal is zero, the ternary signal becomes zero. 

(3) In the case where the level of the original 
analog audio signal is negative, as the level 
becomes lower, the frequency that the ternary 
PDM signal becomes - 1 increases. 

The switching circuit 29 as third switching 
means is designed to control the application of the 
constant voltage from the constant voltage source 
28 based on the ternary signal and to apply the 
constant voltage intermittently to a voice coil 31 in 
a speaker 30. In a practical circuit, the switching 
circuit 29 is formed by a high-speed electronic 
switch using FETs and thyristors. 

As illustrated in Fig. 8, the switching circuit 29 
is a double -pole double -throw switch and has 
contacts, 29a to 29f, and fixed terminals 29g and 
29h. The contacts 29a and 29f as first contacts are 
connected to the positive terminal of the constant 
voltage source 28, while the contact 29c and 29d 
as second contacts are connected to the negative 
terminal of the constant voltage source 28. The 
contacts 29b and 29e as third contacts are open. 
The fixed terminal 29g as a first fixed terminal and 
the fixed terminal 29h as a second fixed terminal 
are connected to the ends of the voice coil 31, 



respectively. 

The switching circuit 29 with such a configu - 
ration switches the connections between the fixed 
terminals, 29g and 29h, and the contacts, 29a to 

5 29f, in accordance with the ternary signal. More 
specifically, when the ternary signal is +1, the 
contacts 29a and 29d are connected to the fixed 
terminals 29g and 29h, respectively. When the 
ternary signal is 0, the contacts 29b and 29e are 

10 connected to the fixed terminals 29g and 29h, 
respectively. Meanwhile, when the ternary signal is 
- 1 , the contacts 29c and 29f are connected to the 
fixed terminals 29g and 29h, respectively. 

With this configuration, a digital audio signal 

15 over -sampled by the digital low -pass filter 25 is 
AI -modulated for noise - shaping by a AE 
modulator 26. As a result, a binary signal is ob- 
tained. The ternary signal generator 27 converts 
the binary signal into a ternary signal with a pulse 

20 density corresponding to the amplitude of the 
original analog audio signal as illustrated in Fig. 7. 
The switching circuit 29 controls the connections 
between the constant voltage source 28 and the 
voice coil 31 according to the ternary signal. 

25 When the ternary signal is + 1 , the contacts 

29a and 29d are connected to the fixed terminal 
29g and 29h, respectively, and the constant voltage 
is applied to the voice coil 31 so that the electric 
potential at the fixed terminal 29g becomes higher 

30 than that at the fixed terminal 29h. As a result, a 
current flows and a driving force acting in one 
direction is generated. The vibrating system of the 
speaker 30 is driven by the driving force. 

When the ternary signal is 0, the contacts 29b 

35 and 29e are connected to the fixed terminals 29g 
and 29h, respectively. Therefore, the constant 
voltage is not applied to the voice coil 31 and no 
current flows. In consequence, the vibrating system 
of the speaker 30 is not driven and sound is not 

40 reproduced. 

When the ternary signal is - 1 , the contacts 
29c and 29f are connected to the fixed terminal 
29g and 29h, respectively, and the constant voltage 
is applied to the voice coil 31 so that the electric 

45 potential at the fixed terminal 29h becomes higher 
than that at the fixed terminal 29g. As a result, a 
current flows in a direction opposite to the direction 
in which the current flows when the ternary signal 
is +1, and a driving force for driving the vibrating 

50 system in the opposite direction is generated. 

Since the driving force is generated in propor- 
tion to the original analog audio signal, the speaker 
30 reproduces a sound. At this time, if the vibrating 
system of the speaker 30 sets the upper limit of 

55 the reproduction band below the audible band, the 
vibrating system functions as a low -pass filter 
which is located after a D/A converter in a speaker 
driving device in which a digital audio signal is 
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converted into an analog audio signal. Therefore, it 
is possible to reproduce the analog audio signal by 
simply inputting into the speaker 30 the current 
controlled by the ternary signal without incorporat- 
ing such an analog low -pass filter into an electric 
circuit. 

Besides, when the original analog audio signal 
is 0, the ternary signal is 0 due to the characteristic 
of a ternary signal. Thus, the speaker 30 does not 
consume any power when no signal is input. As s 
result, the speaker driving device of this embodi - 
ment performs more power efficient driving com - 
pared to a conventional speaker driving device 
which drives the speaker 30 according to a binary 
signal. Moreover, since the speaker of this em - 
bodiment generates a driving force acting on two 
directions, opposite to each other, corresponding to 
+ 1 and -1 of the ternary signal, the speaker 30 is 
driven more efficiently compared to a conventional 
speaker driving device which generates a driving 
force acting only in one direction according to a 
binary signal. 

Furthermore, in the speaker driving device of 
this embodiment, the volume of the reproduced 
sound is adjusted by varying the constant voltage 
to be applied to the voice coil 31 at the constant 
voltage source 28. The volume is also adjusted by 
varying the time interval t at which the constant 
voltage is applied to the voice coil 31 within the 
range 0 < r < AT. 

More specifically, the time interval r is varied 
by arranging the AE demodulator 26 such that the 
duty ratio of pulses controlling whether to apply the 
constant voltage is variable. With this arrangement, 
since the electric power to be supplied to the 
speaker 30 becomes greater as the time interval t 
increases, the volume of sound is turned up. 

Next, the fourth embodiment of the present 
invention is discussed below with reference to Figs. 
6 through 9. The members having the same func- 
tions as in the aforementioned embodiment will be 
designated with the same reference numerals and 
their description is omitted. 

As illustrated in Fig. 6, a speaker driving device 
of this embodiment has an analog audio signal 
source 21, rectifiers 41 and 42, AT - modulation 
A/D converters 43 and 44 (designated as AE A/D in 
the drawing), a ternary signal generator 45, a con - 
stant voltage source 28, and a switching circuit 29. 

The rectifiers 41 and 42 are circuits for rec- 
tifying an analog audio signal output from the ana- 
log audio signal source 21, and separate positive 
and negative portions of the analog audio signal. 

The AE - modulation A/D converters 43 and 44 
as AE modulating means are one -bit A/D con- 
verters, and separately convert each of the positive 
and negative analog audio signals output from the 
rectifiers 41 and 42 into a binary signal (one -bit 



digital audio signal) by high-speed sampling AE - 
modulation. 

The ternary signal generator 45 as ternary 
signal generating means produces a ternary signal 
5 from the binary signals output from the AE - mod - 
ulation A/D converters 43 and 44 by calculating 
equation (2) 

D 3 (T) = Dp(T) + D M (T) - 1 (2) 

10 

where Dp(T) and D M (T) are the binary signals pro- 
duced by the AE - modulation A/D converters 43 
and 44 at time T, and D 3 (T) is a ternary signal 
produced by the ternary signal generator 45 at 
75 time T. 

The following description discusses the gen- 
eration of a ternary signal according to equation 
(2). 

Dp(T) is a binary signal produced from a 
20 positive rectified signal of Fig. 9(b) representing a 
positive portion of the original analog audio signal 
of Fig. 9(a) by the AE - modulation A/D converter 
43. Meanwhile, D M (T) is a binary signal produced 
from a negative rectified signal of Fig. 9(c) repre- 
25 senting a negative portion of the original analog 
audio signal by the AE - modulation A/D converter 
44. 

The positive rectified signal has a value higher 
than a minimum value of the dynamic range be- 

30 cause the zero level of the original analog audio 
signal becomes the minimum level, for example 0, 
when the AE - modulation A/D converter 43 per- 
forms A'D conversion. On the other hand, the 
negative rectified signal has a value lower than a 

35 maximum value of the dynamic range because the 
zero level of the original analog audio signal be- 
comes the maximum level when the AE - modula- 
tion A/D converter 44 performs A/D conversion. 
Therefore, when the signal level of the original 

40 analog audio signal is positive, the frequency that 
D M (T) becomes 1 significantly increases, and D 3 (T) 
has the same value as Dp(T), namely 0 or +1, 
according to equation (2). For example, since the 
frequency that Dp(T) becomes +1 is high in the 

45 vicinity of time T 0 where the amplitude of the 
original analog audio signal becomes substantially 
maximum, the frequency that D 3 (T) becomes +1 
is also high. 

When the signal level of the original analog 
so audio signal is zero, the frequency that Dp(T) be- 
comes 0 and the frequency that D M (T) becomes 1 
respectively increase. As a result, D 3 (T) becomes 0 
according to equation (2). 

On the contrary, when the signal level of the 
55 original analog audio signal is negative, the fre- 
quency that Dp(T) becomes 0 increases, and D 3 (T) 
has the same value as D M (T), namely 0 or -1, 
according to equation (2). 
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The ternary signal thus obtained is input to the 
switching circuit 29 as shown in Fig. 8, and func- 
tions as a control signal which changes the con - 
nections between the constant voltage source 28 
and the voice coil 31 in the same manner as in the 
speaker driving device of the third embodiment. 

With this arrangement, the rectifiers 41 and 42 
rectify the analog audio signal output from the 
analog audio signal source 21 so as to separate its 
positive and negative portions. The rectified signals 
are separately converted into binary signals by the 
AE - modulation A/D converters 43 and 44. The 
ternary signal generator 45 produces a ternary 
signal from the two binary signals output from the 
AE - modulation A/D converters 43 and 44. Then, 
the switching circuit 29 changes the connections 
between the constant voltage source 28 and the 
voice coil 31 according to the ternary signal. 

When the ternary signal is + 1 , a constant 
voltage is applied to the voice coil 31 so that the 
electric potential at the fixed terminal 29g becomes 
higher than that at the fixed terminal 29h, and a 
current flows through the voice coil 31 in one 
direction. When the ternary signal is 0, the constant 
voltage is not applied to the voice coil 31 and 
therefore no current flows through the voice coil 31 . 
When the ternary signal is - 1 , the constant volt- 
age is applied to the voice coil 31 so that the 
electric potential at the fixed terminal 29h becomes 
higher than that at the fixed terminal 29g, and the 
current flows through the voice coil 31 in the op- 
posite direction. By causing the current to flow 
through the voice coil 31 in such a manner, the 
speaker 30 produces a driving force proportional to 
the original analog audio signal and reproduces a 
sound. 

As described above, by the characteristic of a 
ternary signal, like the speaker driving device of 
the third embodiment, the speaker driving device of 
this embodiment achieves improved power effi - 
ciency and drives the speaker 30 more efficiently. 
Additionally, this speaker driving device is capable 
of adjusting the volume of sound by varying the 
constant voltage at the constant voltage source 28 
or varying the above-mentioned time interval r. 
Time interval r is varied by arranging the A£ - 
modulation A/D converters 43 and 44 such that the 
duty ratio of the pulses controlling whether to apply 
the constant voltage becomes variable. 

The invention being thus described, it will be 
obvious that the same may be varied in many 
ways. Such variations are not to be regarded as a 
departure from the spirit and scope of the inven - 
tion, and all such modifications as would be ob - 
vious to one skilled in the art are intended to be 
included within the scope of the following claims. 



Claims 

1. A speaker driving device comprising: 

a pair of voice coils, said pair being 
5 formed by a first voice coil and a second voice 

coil, said first and second voice coils being 
wound around a driving section of a speaker to 
generate a bi-directional driving force at said 
driving section when a current flows through 
w said first and second voice coils in opposite 

directions; 

a constant voltage source for generating a 
constant voltage; 

AE modulating means for producing a 
75 one -bit binary digital audio signal by high- 

speed sampling AE -modulation; and 

first switching means for alternatively ap- 
plying the constant voltage to said first voice 
coil or said second voice coil based on said 
20 one - bit digital audio signal so as to cause the 

current to flow through said first and second 
voice coils in opposite directions. 

2. The speaker driving device according to claim 
25 1, 

wherein said first and second voice coils 
are wound in parallel around said driving sec- 
tion and connected to said first switching 
means so that the constant voltage is applied 

30 to said first voice coil in one direction and that 

the constant voltage is applied to said second 
voice coils in the reverse direction, and 

wherein said first switching means in - 
eludes an electronic switch for alternatively 

35 connecting said constant voltage source and 

one of said first and second voice coils based 
on a binary number (1 or 0) of said one -bit 
digital audio signal. 

40 3. The speaker driving device according to claim 
1, 

wherein said first switching means in - 
eludes: 

a fixed terminal connected to a positive 
45 terminal of said constant voltage source; 

a first contact connected to a first end of 
said first voice coil; and 

a second contact connected to a second 
end of said second voice coil located at the 
50 same side as a second end of said first voice 

coil, and 

said first switching means connects said 
fixed terminal to said first contact when said 
one -bit digital audio signal is 1, connects said 
55 fixed terminal to said second contact when 

said one -bit digital audio signal is 0, and 

wherein said second end of said first voice 
coil and a first end of said second voice coil 
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are connected to a negative terminal of said 
constant voltage source, said first end of said 
second voice coil being located at the same 
side as said first end of said first voice coil. 

5 

The speaker driving device according to claim 
1, 

wherein said constant voltage source var - 
ies its output voltage, whereby the volume of 
reproduced sound is adjusted. w 

A speaker driving device comprising: 

a pair of voice coils, said pair being 
formed by a first voice coil and a second voice 
coil, said first and second voice coils being 75 
fixed around a driving section of a speaker to 
generate a bi-directional driving force at said 
driving section when a current flows through 
said first and second voice coils in opposite 
directions; 20 

a constant voltage source for generating a 
constant voltage; 

direct current blocking means for blocking 
a direct current component of the constant 
voltage; 2 $ 

A£ modulating means for producing a 
one -bit binary digital audio signal by high- 
speed sampling AI - modulation; and 

second switching means for alternatively 
applying the constant voltage to one of said 30 
first and second voice coils and a voltage from 
said direct current blocking means to the other 
voice coil based on said one -bit digital audio 
signal so as to cause the current to flow 
through said first and second voice coils in 35 
opposite directions. 

The speaker driving device according to claim 
5, 

wherein said first and second voice coils 40 
are wound in parallel around said driving sec- 
tion and connected to said second switching 
means so that the constant voltage is applied 
to said first voice coil in one direction and that 
the constant voltage is applied to said second 45 
voice coil in the reverse direction, and 

wherein said second switching means in - 
eludes an electronic switch for changing the 
connections among said pair of voice coils, 
said constant voltage source and said direct 50 
current blocking means by alternatively con- 
necting said constant voltage source and one 
of said first and second voice coils and con - 
necting said direct current blocking means and 
the other voice coil based on a binary number 55 
of said one -bit digital audio signal. 



7. The speaker driving device according to claim 
5, 

wherein said second switching means in - 
eludes: 

first and second contacts connected to a 
positive terminal of said constant voltage 
source; 

a third contact connected to the positive 
terminal of said constant voltage source 
through said direct current blocking means; 

a first fixed terminal connected to a first 
end of said first voice coil; and 

a second fixed terminal connected to a 
second end of said second voice coil located 
at the same side as a second end of said first 
voice coil, and 

said second switching means connects 
said first fixed terminal to said first contact and 
connects said second fixed terminal to said 
third contact when said one -bit digital audio 
signal is 1, and connects said first fixed ter- 
minal to said third contact and connects said 
second fixed terminal to said second contact 
when said one -bit digital audio signal is 0, 
and 

wherein said second end of said first voice 
coil and a first end of said second voice coil 
are connected to a negative terminal of said 
constant voltage source, said first end of said 
second voice coil being located at the same 
side as said first end of said first voice coil. 

8. The speaker driving device according to claim 
5, 

wherein said direct current blocking means 
includes a capacitor. 

9. The speaker driving device according to claim 
5, 

wherein said constant voltage source var- 
ies its output voltage, whereby the volume of 
reproduced sound is adjusted. 

10. A speaker driving device comprising: 

a constant voltage source for generating a 
constant voltage to be applied to a voice coil in 
a speaker; 

AZ modulating means for producing a 
one -bit binary digital audio signal by high- 
speed sampling At - modulation; 

ternary signal generating means for pro- 
ducing a ternary signal from said one -bit 
digital audio signal; and 

third switching means for switching the 
polarity of the constant voltage depending on 
whether the ternary signal is + 1 or - 1 and for 
controlling the application of the constant 
voltage to said voice coil by switching said 
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constant voltage source between on and off 
according to an absolute value of said ternary 
signal, the absolute value being either 0 or 1 . 

11. The speaker driving device according to claim 
10, 

wherein said third switching means in- 
cludes an electronic switch for controlling the 
constant voltage to be applied in a direction to 
said voice coil when the ternary signal is + 1 
and to be applied in the opposite direction to 
said voice coil when the ternary signal is -1, 
and for stopping the application of the constant 
voltage to said voice coil when the ternary 
signal is 0. 

12. The speaker driving device according to claim 
11, 

wherein said third switching means in - 
eludes: 

first and second fixed terminals connected 
to said voice coil; 

a first contact connected to a positive ter- 
minal of said constant voltage source; 

a second contact connected to a negative 
terminal of said constant voltage source; and 

a third contact which is open, and 

said third switching means connects said 
first fixed terminal to said first contact and 
connects said second fixed terminal to said 
second contact when said ternary signal is + 1 , 
connects said first fixed terminal to said sec- 
ond contact and connects said second fixed 
terminal to said first contact when said ternary 
signal is - 1 , and connects at least one of said 
first and second fixed terminals to said third 
contact when said ternary signal is 0. 

13. The speaker driving device according to claim 
10, 

wherein said constant voltage source var - 
ies its output voltage, whereby the volume of 
reproduced sound is adjusted. 

14. The speaker driving device according to claim 
10, 

wherein said AE modulating means varies 
a duty ratio of pulses controlling whether to 
apply the constant voltage in a sampling pe- 
riod for high-speed sampling, whereby the 
volume of reproduced sound is adjusted. 

15. ,A speaker driving device comprising: 

a constant voltage source for generating a 
constant voltage to be applied to a voice coil in 
a speaker; 

AE modulating means for separately pro - 
ducing a one -bit binary digital audio signal 



representing a positive portion of an original 
analog audio signal and a one - bit binary 
digital audio signal representing a negative 
portion thereof by high - speed sampling AE - 

5 modulation; 

ternary signal generating means for pro- 
ducing a ternary signal from said two one -bit 
digital audio signals; and 

third switching means for switching the 

/o polarity of the constant voltage depending on 

whether the ternary signal is + 1 or - 1 and for 
controlling the application of the constant 
voltage to said voice coil by switching said 
constant voltage source between on and off 

75 according to an absolute value of said ternary 

signal, the absolute value being either 0 or 1. 

16. The speaker driving device according to claim 
15, 

20 wherein said third switching means in - 

eludes an electronic switch for controlling the 
constant voltage to be applied in opposite di - 
rections to said voice coil when the ternary 
signal is + 1 and - 1 and for stopping the 

25 application of the constant voltage to said 

voice coil when the ternary signal is 0. 

17. The speaker driving device according to claim 
16, 

30 wherein said third switching means in - 

eludes: 

first and second fixed terminals connected 
to said voice coil; 

a first contact connected to a positive ter- 
35 minal of said constant voltage source; 

a second contact connected to a negative 
terminal of said constant voltage source; and 

a third contact which is open, and 

said switching means connects said first 
40 fixed terminal to said first contact and connects 

said second fixed terminal to said second 
contact when said ternary signal is + 1 , con - 
nects said first fixed terminal to said second 
contact and connects said second fixed ter- 
45 minal to said first contact when said ternary 

signal is - 1 , and connects at least one of said 
first and second fixed terminals to said third 
contact when said ternary signal is 0. 

50 18. The speaker driving device according to claim 
15, 

wherein said constant voltage source var- 
ies its output voltage, whereby the volume of 
reproduced sound is adjusted. 

55 

19. The speaker driving device according to claim 
15, 

wherein said AE modulating means varies 
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a duty ratio of pulses controlling whether to 
apply the constant voltage in a sampling pe- 
riod for high-speed sampling, whereby the 
volume of reproduced sound is adjusted. 
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© A speaker driving device applies a constant volt- 
age of a constant voltage source (3) a pair of voice 
coils (5) alternatively by switching the direction of 
applying the constant voltage based on a binary 
PDM signal. A A£ modulator (2) produces the binary 
PDM signal by AE-modulating a digital audio signal 
from a digital low-pass filter (1). The constant voltage 
is applied to a first voice coil in one direction and is 
applied to a second voice coil in the reverse direc- 
tion by switching (4) the direction of applying the 
constant voltage. The first and second voice coils 
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forms the pair of voice coils. This arrangement 
causes a current to flow through the first and second 
voice coils in opposite directions and a diaphragm of 
a speaker to be driven in two directions opposite to 
each other. As a result, the speaker is driven more 
efficiently. Moreover, since the switching of the di- 
rection of applying the constant voltage is performed 
by changing the connections between the constant 
voltage source and the pair of voice coils, a switch- 
ing circuit (4) with a simplified structure is used. 
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